Abstract-We investigate wavelength tunable 56-Gb/s differential quaternary phase-shift keying (DQPSK) systems using comb generation in a quantum-dash mode-locked laser for wavelength-division-multiple access (WDM)-based broadcast application. We present relative intensity noise and bit-error-rate measurements for each mode. We demonstrate error-free operation over nine WDM channels with 100-GHz spacing.
I. INTRODUCTION
T HE large scale computer networks needed to support growing web applications require fast and reliable interconnections in order to provide rapid access to information and services to millions of users. As the number of interconnected servers and storage media increases, optical technologies are expected to play a major role due to the high speed, low loss and small foot print of optical fiber communication links. The next generation of optical networks requires efficient, densely packed wavelength division multiple access (WDM) channels to transmit massive amounts of information. An important challenge is the cost and the wavelength versatility of WDM transmitters. Manuscript Comb generation in a mode-locked laser (MLL) has been proposed as a cost-effective solution for WDM transmission. The multiple frequencies (modes) of the MLLs offer several advantages compared to sets of single mode distributed feedback (DFB) lasers, including fixed channel spacing (set by the MLL mode spacing), reduced channel crosstalk due to the coherence of the MLL modes, etc. [1] .
Different configurations based on mode locked lasers have been demonstrated for optical frequency comb generation. Examples include amplitude or frequency modulated mode-locked lasers, e.g., Er:Yb:glass laser oscillators [2] , fiber ring lasers [3] or mode-locked semiconductor lasers [4] . Semiconductor quantum-dot or quantum-dash mode-locked lasers are been heavily investigated owing to their low-noise, high thermal stability, and a broad gain spectrum [5] . Quantum-dash mode-locked lasers (QD-MLL) capable of extremely high bit rates (100 Gb/s) [6] are of particular interest. They were first considered for WDM using on-off keying (OOK) [7] . The use of the QD-MLL source as an optical transmitter for colorless WDM passive optical networks (PON) was reported in [8] .
Recently, all-optical WDM multicast has attracted much research interest in the field of optical switching and networking, since it can support increasing demands for applications such as video on demand, broadcasting of high definition TV (HDTV), and online video conferencing. In fact, WDM multicasting provides large bandwidth and a high degree of data transparency to the modulation format and the bit rate [9] . In this letter, we propose, for the first time to our knowledge, the use of a quantum-dash mode-locked laser (QD-MLL) as multiwavelength source for WDM multicast application with differential quaternary phase-shift keying (DQPSK) transmission at high bit rate. We experimentally demonstrate the use of nine WDM ITU channels with a channel spacing of 100 GHz for 56 Gb/s DQPSK modulation. We show that relative intensity noise (RIN) and phase noise over all modes are compatible with PSK modulation when we modulate the entire QD-MLL spectrum and compare the obtained results with an external cavity laser (ECL) source.
II. QD-MLL CHARACTERIZATION
The QD laser structure was grown by gas source molecular beam epitaxy on S-doped (100) InP wafer. The active area consists of 6 InAs-based QD layers. To achieve 100-GHz channel spacing for WDM comb generation, a cavity length of 420 m was used as in [6] . Fig. 1 shows the overall emission spectrum of the QD laser taken at a pump current of 120 mA. Due to 1041-1135/$26.00 © 2011 IEEE mode-locking, a flat and wide spectrum centered at 1.55 m is observed. Eleven optical modes, corresponding to 11 ITU channels, are available within the 5-dB optical bandwidth of 8 nm (1548.3 nm to 1556.5 nm). Fig. 2 shows the RIN measurement results of 1) a commercial ECL, 2) all QD-MLL modes taken together, and 3) each filtered QD-MLL mode (from 1548.3 nm to 1556.5 nm). Due to the mode partition noise, each individual MLL mode has a level of RIN much higher than the combined modes, or that of a singlemode laser [9] . QD lasers have low intensity noise thanks to low amplified spontaneous emission (ASE) [5] . The RIN of the total of all modes is even lower than that of a commercial ECL. As shown in Fig. 2 , the modal RIN drops from dBc Hz to dBc Hz in the 0.1-10 GHz range. Fig. 3 summarizes the RIN integrated in the 0.1-10 GHz range and power level of each QD-MLL mode examined. Not surprisingly, the RIN of the nondominant modes are strong compared to the QD-MLL dominant modes. If the received power is sufficiently high, the bit error rate (BER) is governed by the total RIN. There exists a relationship between RIN and BER for OOK [10] . But in the case of DQPSK, we expect that the penalty for DQPSK may be more nuanced as the linewidth introduces phase noise, while the RIN introduces errors once DQPSK is demodulated into a detected intensity. We will next examine experimentally the impact of RIN on BER performance for DQPSK.
III. EXPERIMENTAL SETUP
The experimental setup shown in Fig. 4 consists of a 56 Gb/s DQPSK transmitter and receiver. A 100 GHz quantum-dash Fabry-Pérot mode-locked laser source is used at the transmitter. The output of the laser passes through an optical isolator to prevent feedback. The optical spectrum of the QD laser mode is amplified using an EDFA and externally modulated using a DQPSK, LiNbO3 Mach-Zehnder interferometer (MZI). Due to the test equipment availability, we generate two pseudorandom binary sequences (PRBS) delayed by 256 bits to decorrelate them. At the receiver, an arrayed waveguide grating (AWG) typically demultiplexes the 100-GHz spaced ITU grid channels.
For this experiment, the AWG function is realized by a tunable optical filter with 0.25 nm 3-dB bandwidth which selects one QD-MLL channel. The spectra for all modulated and filtered QD-MLL lines, immediately before demodulation, are presented in Fig. 5 (spectral resolution is 0.01 nm). The spectrally filtered mode is then optically preamplified, filtered and demodulated with delay line interferometers (DLI). The DLIs and balanced detectors convert the optical phase modulation into intensity modulation. The detected signals are demultiplexed by an electronic 1:4 demultiplexer; a 7 Gb/s stream is fed to the error detector programmed with the expected differentially demodulated bit patterns. We assumed that the BER is the same on both in-phase (I) and quadrature (Q) branches, and for each tributary.
IV. EXPERIMENTAL RESULTS
The performance of our system is evaluated for each filtered mode of the QD-MLL. For each wavelength, the DQPSK system is first optimized using the wavelength-tunable ECL source. Next each mode of the QD-MLL is isolated and then BER measurements are performed to compare ECL and QD-MLL performances over the entire 8 nm range, (1548.3 nm to 1556.4 nm), covering 11 WDM channels with 100 GHz spacing. Results are shown in Fig. 6 . The receiver sensitivity of the system using the ECL varies between dBm and dBm in this wavelength range. When the QD-MLL is used, error-free performance is obtained over nine channels. Error floors at BER of 4 occur with two channels (1550.7 nm and 1556.5 nm). This is to be expected given the high level of RIN and low power level of those modes seen in Fig. 3 .
Finally, Fig. 7 shows the power penalty (BER of ) of DQPSK signals using each QD-MLL mode. Power penalty from 1.5 dB to 5 dB is obtained over nine WDM channels. For the weak modes, the power penalty rapidly increases. Not surprisingly, the RIN fluctuations in nondominant modes are strong compared to that of the dominant modes.
V. CONCLUSION
We proposed and experimentally demonstrated for the first time the feasibility of a cost-effective, multiwavelength source based on QD-MLL for high speed, spectrally efficient WDM multicast systems using 56 Gb/s DQPSK modulation. We reported error-free operation over nine -band WDM channels with 100 GHz spacing. The multimode QD laser, whose mode spacing is compatible with ITU grids, shows promise for the development of simple and cost-effective high-bandwidth optical solutions.
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